A method is proposed to retrieve and interpret fine spatial variations of the sea surface roughness in sun glitter imagery. Observed sun glitter brightness anomalies are converted using a transfer function determined from the smoothed shape of sun glitter brightness. The method is applied to MODIS and MERIS sun glitter imagery of natural oil seeps and the catastrophic Deepwater Horizon oil spill in the Gulf of Mexico. The short-scale roughness variations in the presence of mineral oils slicks are consistently extracted and compared to variations associated with the biogenic slicks. In doing so, the wind speed dependency on the roughness anomalies is also considered. A comparison to normalized radar cross section (NRCS) anomalies taken from the corresponding high resolution ASAR images is performed, and similarities as well as differences are investigated. The results document significant benefit from the synergetic use of sun glitter and radar imagery for detection and monitoring of surface slicks.
Introduction 28
In general, the main oceanographic applications of satellite optical data (e.g. from 29
MODIS and MERIS instruments) are associated with ocean color studies. In such cases 30 the sunlight reflected from the sea surface is a major part of upward radiation and possess 31 significant difficulties for ocean color retrieval algorithms. On the other hand, sun glitter 32 contain valuable information on s tatistical properties of the sea surface roughness, its 33 mean square slope (MSS), skewness and kurtosis, as demonstrated by Cox and Munk 34 (1954) and more recently by Bréon and Henriot (2006) . 35 Most ocean surface phenomena, e.g. biogenic and oil slicks, internal waves, ship 36 wakes, spiral eddies, are locally affecting sea surface roughness to become visible in 37 optical data. Numerous satellite observations of surface slicks in sun glitter were 38
reported, e.g. by Adamo ten km), which can be treated as the brightness signatures of the ocean phenomena. Let 110 the PDF, P , in (1) be written in a normalized form as 111 where T is the transfer function defined as 125 It is important to note that within the surface area where the transfer function 171 becomes zero, ( 0 T = ), sun glitter brightness contrasts will change signs. Near the 172 specular point, in the "central" part of the sun glitter, where 0 T > , the rougher surface 173 patterns will be darker, while far from the specular point, in the "periphery" part, where 174 0 T < , they will appear brighter. Coordinates of this zone of contrast inversion are found 175 as a solution of 0 T = , which, for the isotropic Gaussian surface slope, simply 176 corresponds to 177 Fig. 1 . The MSS of the sea surface was specified as a periodic 181 oscillation relative to the background value 182 T defined by (5b) more directly, without an a priori suggestion for the PDF model. 210
Using (1), the gradients of p in (5b) can be obtained from the "observed" large scale 211 sun glitter brightness gradients 212
, (13) 213 where ( ∇ x , ∇ y ) are the gradients in the ( , ) x y directions, and Δ is the discriminant: 214 ? and y ∇ in (13) 228 become along-and cross-stripe gradients, respectively. 229
In case of MERIS imagery, only cross-track gradients of the surface brightness are 230 available. Therefore, we are inevitably forced to use an a priori PDF model. The sun 231 glitter model (1) with (8) can be rewritten as 232 for each line (of index k) of the image can then be estimated using the 236 observed brightness, as a solution of (14). The mean square root method then yields 237 differences are still evident. The contrast feature which is the "oil jet" around 87°W is 335 viewed as a bright jet in the MERIS image (Fig. 6 (upper) ), but in the MODIS field 336 (Fig. 6 (lower) ), the jet varies from bright to dark. Referring to The MSS contrast averaged over this part of the slick is also reported in Fig. 3 (right) . 391
MODIS images correspondingly. (lower left), (lower right) The transfer function T 328 defined by eq. (10) for MERIS and by eq. (5b) with (13) for MODIS. An inclined linear
Note that the same slick was observed by MODIS a half hour later (not shown here). 392
Processing of this image yields MSS anomalies very similar to those shown in Fig. 9, and  393 the averaged value also reported in Fig. 3 (right) . 394
The averaged NRCS contrast of the oil slick outside the yellow contour in Fig. 9  395 (upper) is given in Fig. 10 (right) . Two other estimates of the NRCS contrasts in shown in Fig. 7 (upper) , for oil jet, and in Fig. 9 (lower) 
NRCS contrasts lines is the same as that of the MSS. 435 436

MSS and NRCS contrasts of oil slicks 437
As obtained and shown in Fig. 3 (right) , the MSS contrasts are believed to correspond 438 to oil film that is thin relative to the red light wavelength. The thickness is certainly much 439 smaller than the capillary wave wavelength, and the damping mechanism of surface 440 waves by this thin oil film can be described within the frame of classical Marangoni 441 theory (Levich, 1962) . In this case, the modulus of elasticity is the only and yet poorly 442 known parameter characterizing damping properties of thin, mineral oil film. 443
The oil film on w ind waves acts through the modification of the wave damping 444 coefficient. Relation for the wave damping coefficient in the presence of surface thin film 445 is given in Levich (1962) , and also reproduced in sec. 4.2 in Kudryavtsev et al. (2005) . 446
Viscous dissipation plays a key role in the energy balance of capillary-gravity waves, 447 leading surface films to increase the energy dissipation and to affect both the short wave 
As follows from this equation, the MSS should be sensitive to the wavenumber of the 485 spectral cutoff, and thus can be used for assessment of the film elasticity from the 486 contrast of the MSS over a slick. Note also the local high-frequency spectral peaks in the 487 saturation spectra for the films with E= 5 and 15mN/m. These peaks result from 488 generation of parasitic capillaries by breaking of short gravity waves. In case of 489 E=30mN/m, these short gravity waves are significantly damped by the film that prevents 490 generation of the parasitic capillaries. 491 values of the elasticity turns to be the same (see Fig. 11a ). Thus, in this case the model 533 NRCS contrasts fail to discriminate the surface slicks caused by films of different 534 elasticity. Referring to Fig. 11b we may conclude that due to complicated shape of the 535
In the area where oil film thickness is presumably thin, relative to the red light 559 wavelength, the oil slicks in the field of the MSS are visible as distinct dark features 560 (suppression of the MSS). We found contrasts of mineral oil slicks somehow lower than 561 the contrasts of biogenic slicks reported by Cox and Munk (1954) . The different 562 elasticity of the crude and fish oils can explain this result. 563
The Radar Imaging Model (RIM) developed by Kudryavtsev et al. (2005) was 564 extended to simulate the optical images and further used to quantify this effect. As 565 estimated, the effective elasticity coefficient for the thin oil film is E= 15mN/m, with 566 model contrasts become consistent with observations. 567
Corresponding ASAR images provided an opportunity to assess similarities and 568 differences between the optical and radar signatures of the same oil spills. Except for the 569 area covered by thick (relative to red light wavelength) oil film, optical and radar 570 contrasts of the same slick are very well correlated. The NRCS changes in the oil slick 571 are stronger than the MSS ones. This is amplified at low wind speed with the radar 572 contrast significantly stronger than the optically-derived anomalies. RIM simulations of 573 SAR signatures, using a value of the oil film elasticity of E= 15mN/m, also provides 574 reasonable correspondence between model estimates and observations. 575
The method clearly provides new opportunities for quantitative investigations of 576 surface signatures of ocean phenomena, including internal waves and mesoscale ocean 577 currents. The roughness changes can indeed help in tracking and quantifying the surface 578 signatures of upper ocean motions. Interestingly, MSS changes can be quantified, and 579 synergy between SAR and sun glitter imagery can lead to a better understanding of the 580 manifestations of surface ocean phenomena. 581
